Amino-acid substitutions, which result from common nonsynonymous (NS) polymorphisms, may dramatically alter the function of the encoded protein.
Introduction
The human genome contains an estimated 11 million common single nucleotide changes with allele frequencies greater than 1%. 1 A vast majority of these sequence variations are believed to be functionally neutral, yet a subset alter the structure of a gene product. Such structural changes are often detrimental to function, but some variant proteins have normal, or even increased, function.
With the goals of better understanding of how molecular evolution influences the function of variant allozymes and how specific substitutions affect protein function, we have incorporated resequencing data, functional genomics, amino-acid characterization and crystal structure analysis to analyze structure-function relationships within the human cytosolic sulfotransferase (SULT) gene family.
The members of the SULT gene family play an important role in the biotransformation of a variety of substrates, including steroid hormones, neurotransmitters, drugs and other xenobiotics. [2] [3] [4] To date, 12 human SULT genes have been identified. 5 The family members share a high degree of sequence identity and are found in clusters on chromosomes. 5 Because of the importance of sulfation in the metabolism of a wide variety of substrates, much work has been carried out in characterizing the genetic variation and functional consequences of amino-acid substitutions in the SULT family [6] [7] [8] [9] [10] [11] [12] [13] and crystal structures have been solved for nine of the 12 members. [14] [15] [16] [17] [18] [19] [20] [21] [22] Previously, four SULT genes -SULT1A3, 1A4, 1E1 and 2A1 -were resequenced from 59 Caucasian-American (CA) and 59 African-American (AA) DNA samples. 6, 8, 11, 12 To determine the nature and degree of sequence variation within the entire gene family for the analyses reported here, the remaining members of SULT gene family -SULT1A1, 1A2, 1B1, 1C2, 1C4, 2B1, 4A1 and 6B1 -were resequenced in the same DNA samples (Table 1 ). In total, over 8.5 million base pairs of sequence were analyzed from regions on six chromosomes.
Functional genomic studies have been completed for 14 nonsynonymous (NS) single nucleotide polymorphism (SNPs) as a step toward understanding how variation in nucleotide sequence translates into variation in enzyme function in the SULT gene family. [6] [7] [8] [9] 11, 12 These previous studies showed that alterations in amino-acid sequence can cause decreased enzyme activity owing to decreased levels of immunoreactive protein. In this study, additional functional genomic studies were performed for three variant allozymes of SULT1A1 to determine the functional consequences of the amino-acid substitutions in a recombinant expression system. Previous genotype-phenotype correlation studies in both human liver and platelet samples showed that one common variant allele, SULT1A1*2 (Arg213His), was associated with low enzyme activity. 9, 10 The present work extends this analysis to additional SULT1A1 variants and presents new data on levels of immunoreactive proteins for all SULT1A1 variants.
The SULT gene family is an ideal candidate for studying the relationship between sequence variation, structure and function by combining functional genomic data with amino-acid characterization and structural modeling. Understanding of the consequences of amino-acid changes may aid in characterizing the mechanisms responsible for decreases in enzyme function and ultimately gaining predictability regarding these effects. Our results suggest that commonly used methods for predicting the effect of amino-acid substitutions on protein function have only limited utility when applied to SULT allozymes and better (Table 1 ). The extent of nucleotide variation found in members of the SULT gene family was similar to that observed for other groups of human genes.
23-27
Genetic diversity across gene regions Neutral theory predicts that nucleotide changes occur randomly throughout the genome with no selective pressure as to location. 28, 29 In general, this appeared to hold true for the regions of the SULT genes analyzed, with the proportion of base pairs sequenced roughly equaling the proportion of polymorphisms identified for the total population ( Figure 1 ) (w 2 ¼ 9.13, df ¼ 5, P ¼ 0.104). The notable deviation from this pattern was for nucleotide changes within the coding region of the genes. Although 80% of the coding region nucleotides were NS sites where nucleotide changes have the potential to change the protein sequence, only 61% of the observed polymorphisms in the coding region actually did lead to a change in the encoded amino acid. This excess of synonymous (S) changes suggested that some selective pressure is working against amino-acid substitution in the SULT proteins in both populations (w 2 ¼ 64.5, df ¼ 1, Po0.0001). Furthermore, the average MAF for S polymorphisms was 60% greater than that observed for NS changes (9.85 and 6.04% for S and NS changes, respectively). Inspection of the MAF distribution also indicated a shift toward an increase in the presence of low (o0.01) to intermediate (0.01-0.10) allele frequency NS alleles compared to S polymorphisms for both populations.
The difference in the number of NS and S polymorphisms identified may be a direct result of the length of sequence screened. Therefore, the relationships between S and NS polymorphisms and base pairs sequenced were analyzed by regression analysis. For S polymorphisms, over 61% of the variation could be explained by length (R 2 ¼ 0.614, F(1,9) ¼ 12.75, P ¼ 0.0073). In comparison, length was not a significant factor in explaining the variation present at NS sites (R 2 ¼ 0.0067, F(1,9) ¼ 0.054, P ¼ 0.8216), further suggesting that some selective pressure against amino-acid substitutions is present in the SULT genes.
Population-genetic analysis of diversity in the SULT gene family To gain insight into the molecular evolution of the SULT gene family, nucleotide diversity (p), the neutral parameter (y) and Tajima's D statistic were calculated. 30 The estimated p values for the SULT family were almost identical for the combined population, AA population and the CA population, with values of 8.6, 8.4 and 8.3, respectively ( Table 2 ). The 95% CI for Tajima's D values included zero for all calculations, suggesting that the overall evolution of the gene family was neutral. Yet there was a marked difference between the nucleotide diversity observed for the NS sites compared to the S sites. The value of p was more than fourfold higher for S sites than NS sites, whereas y values were 2.5-fold higher for S sites compared to NS sites for the total population. This indicated that S sites were able to support a greater degree of sequence variation compared to NS sites (Table 2) .
SULT family functional genomics
Amino-acid substitutions have the potential to dramatically affect protein function. To determine the functional consequences of SULT NS SNPs, previous studies characterized 14 amino-acid changes. Seven of the variant allozymes displayed significant reductions in enzyme function (Table 3) . [6] [7] [8] 11, 12 In the present study, we have also assayed the three SULT1A1 variant allozymes present in the CA and AA populations studied here for levels of enzyme activity and immunoreactive protein, using the same expression system as used for the previous studies of other SULT variants. Figure 2 shows the results of the enzyme activity and Western blot analysis.
Taking all the SULT variants that have been studied using this assay as a group, a significant correlation existed between levels of enzyme activity and immunoreactive protein for all 17 NS SULT SNPs ( Figure 3 , R P ¼ 0.692, P ¼ 0.0015). These results indicated that the majoralthough not the only -mechanism responsible for the decrease in enzyme activity was a corresponding decrease in enzyme protein.
Structure-function predictions based on characterization of aminoacid substitutions Several techniques have been developed that characterize amino acid substitutions as a way to understand how substitutions might affect function. We applied four commonly used methods based on evolutionary conservation and/or physicochemical properties to 17 of the substitutions found in the human SULTs. First, amino-acid alignments within the SULT subfamilies for human, chimpanzee, rat and mouse were performed to determine which sites were conserved through mammalian evolution. Of the 17 locations of NS SNPs, only three were conserved in all four mammalian species -SULT1A1*2, SULT1C2*4 and SULT1E1*4 (Table 4) . Of these, only the SULT1C2*4 (Arg73Gln) variant exhibited decreased enzyme activity of greater than 50% of wild type (WT). Notably, position 73 of SULT1C2 was the only site among the SULT variants we studied that was conserved in every species examined to date, including fish (Danio rerio and Fugu rubripes) and birds (Gallus gallus).
Among the 14 substitutions that we studied, which occur at residues that have not been conserved through mammalian evolution, eight had enzyme activities that were at least Each variant allozyme was assayed using an appropriate substrate at optimal conditions for the SULT isoform (see references).
Predicting the function of amino-acid substitutions MAT Hildebrandt et al 50% of that produced by the WT residue, but the remaining six allozymes had activities ranging from 0 to 28% of that observed with the WT allele. Thus, a lack of evolutionary conservation clearly does not predict the absence of consequences for SULT enzyme function. Grantham numbers are determined based on differences in physicochemical properties between two amino acids. 31 A high Grantham number (4100) indicates that the substitution would be a 'radical' change and was expected to alter the function of the protein. Five of the 17 amino-acid substitutions had Grantham numbers 4100, but two of these allozymes (SULT1A1*5 and SULT1A3/4*5) had activity comparable to WT (Table 4) . Of the 12 substitutions with Grantham values less than 100 (suggesting less impact on function) four had enzyme activities less than 50% of WT. Thus, using Grantham number was also not a reliable method for accurate prediction of variant allozyme function.
Several studies have used BLOSUM62 values to aid in predicting the effect of NS SNPs on protein function based on physicochemical properties of amino acids. 32 For the SULT NS SNPs, almost half of the amino-acid substitutions were considered to be nonconservative based on a negative BLOSUM62 value. These designations only moderately correlated with the functional activity and level of immunoreactive protein of the variant allozymes, again demonstrating that analyzing the physicochemical properties of the substitutions was not sufficient to accurately and reliably predict the consequence of NS SNPs.
Finally, SIFT (Sorting Intolerant From Tolerant) was used to characterize the SULT amino-acid substitutions. SIFT utilizes amino-acid physicochemical properties together with alignment of similar sequences for predicting the functional effects of NS SNPs. 33 Other studies using SIFT have had success in predicting the functional consequences of disease-associated changes in distinguishing neutral substitutions from non-neutral, protein altering changes. 34 For the SULT polymorphisms, 59% of the NS SNPs (10 of 17) had SIFT scores of o0.01 and were predicted to be poorly tolerated and alter protein function. A similar percentage (41%, seven out of 17) of the variant allozymes did display a significant decrease in enzyme activity compared to WT, but the success rate for SIFT scores in predicting the decrease was only 50% (five out of 10). Interestingly, three of the five discordant instances were for allozymes with close to or greater activity than the WT. Care should be taken in the interpretation of these results, as eight of the 17 SIFT predictions were made with low confidence (as indicated in bold in Table 4 ) as a result of restricted diversity within the comparison set. All eight low confidence predictions were for substitutions predicted to affect protein function.
In their analysis of the molecular evolution of human membrane transporter genes, Shu et al. 35 and Leabman et al. 23 noted that the most common variants of the membrane transporter genes studied exhibited normal function, and that nonfunctional alleles tended to be rare in the populations they studied. Similar trends were evident for the SULTs we studied. None of the more common variants (allele frequencies 45%) yielded enzyme activities less than 50% of the WT allele in functional assays. Conversely, all of the NS changes that reduced enzyme activities below 20% of the WT allele had MAFs below 2.5%. Nevertheless, the correlations between allele frequency and enzyme function were not perfect. Three rare allozymes in our populations (SULT1A3/4*4, SULT1E1*3 and SULT1E1*4) had enzyme activities more than 50% of WT, and SULT1A3/ 4*2 (which had an allele frequency of over 4% in our AA population) resulted in an enzyme with only about 25% of normal function in our assays. Crystal structure analysis The PolyPhen program, a web-based tool that utilizes crystal structure data for predicting the functional consequences of amino-acid substitutions, predicted that five of the 17 amino-acid substitutions would be 'possibly' or 'probably damaging'. Of these, only one variant allozyme -SULT1A3/ 4*3 -showed a significant reduction in enzyme activity (Table 5) . Conversely, six allozymes that were predicted to be 'benign' had less than 50% of WT activity. Furthermore, the PolyPhen program faired poorly in obtaining the correct WT crystal structure from the PDB database for modeling purposes. Although three-dimensional (3-D) structural mapping is not the only parameter used by the PolyPhen algorithm, the predictions might have been more accurate if the appropriate crystal structure had been selected. Structural modeling of the local chemical and steric environment of each amino-acid substitution using the corresponding WT SULT crystal structure was also unable to predict accurately the function of the variant allozymes (Table 5) . Modeling showed that a majority of the substitution sites were located on the surface of the proteins and as a result, the encoded residues were exposed to the cellular environment ( Figure 4) . Of the 17 amino-acid substitution locations, only four were near the 3 0 -phosphoadenosine 5 0 -phosphosulfate binding site; two of these had undiminished activity, the third (SULT1E1*2) had 7 and 13% of WT activity and protein, respectively, and the fourth (SULT1C2*5) had no activity owing to the absence of any detectable protein.
Although alterations in enzyme kinetics were not the major mechanism by which an amino-acid substitution altered function, minor variations in substrate kinetics were observed for two of these four variant allozymes -SULT1E1*2 and SULT1E1*4. Only two substitutions were speculated to be incompatible with WT structure; the large Ser111Phe side chain of SULT1C2*5 and the main-chain conformational constraints for the Ala63Pro of SULT2A1*3 can be accommodated only with some significant local conformational change, which may be incompatible with protein folding and/or stability. SULT1C2*5 has no detectable protein or activity, whereas SULT2A1*3 has 57 and 27% of WT activity and protein, respectively.
Discussion
The combination of gene resequencing, functional genomics, amino-acid characterization and crystal structurebased modeling allowed for our complete analysis of the Predicting the function of amino-acid substitutions
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SULT gene family at several levels. Our goal was to determine how variation in the coding sequences of SULT genes translates into variation in function and whether alterations in function could be predicted based on evolutionary conservation, physicochemical properties and/or 3-D structure.
In general, evolution of the SULT gene family appeared to be consistent with neutral theory, indicating that most regions of these genes were not under significant selective pressure. However, there was a suggestion of selection against diversity at NS sites compared to S sites within the coding regions of the SULT genes. This shift toward increased diversity at S sites was present for all SULT genes with the exception of SULT6B1. There is a surprising amount of heterogeneity in the genetic diversity of the different SULT genes. It is interesting that SULT4A1 is the most highly conserved through evolution, with over 97.5% sequence identity between mouse, rat, chimp and human SULT4A1 coding sequences. Currently, there is no known substrate for SULT4A1; so the function of this enzyme is not clear, although it is highly expressed in the human brain. 36 The most polymorphic member of the family is SULT1A2, with 36 total polymorphisms found in 4010 bp examined. Given the structural and functional redundancy of four members of the SULT1A family, a tolerance for higher divergence in the SULT1A genes is not surprising. Overall, the extent and nature of genetic variation within the SULT gene family was comparable to the sequence variation identified in other gene resequencing studies. [23] [24] [25] [26] Many of these previous resequencing studies have not focused on gene families, but Leabman et al. 23 resequenced 24 genes from a family of membrane transporters. Their data suggested that specific gene locations had differing levels of nucleotide diversity owing to evolutionary constraints resulting from structural requirements for membrane association. The SULTs are cytosolic enzymes and do not have the structural constraints of membrane-bound proteins. This may partly explain why fewer SULT residues have been conserved through mammalian evolution than is observed for the membrane transporters. 23, 35 Only three of the 17 SULT amino-acid substitutions were alterations of conserved residues in human, chimpanzee, rat and mouse, and two resulted in enzymes that had specific activities at least as high as the WT enzyme. However, the WT Arg at position 73 of SULT1C2*4 has been conserved in fish and birds and it is notable that Gln at this position leads to a dramatic decrease in enzyme activity. The reduced function of SULT1C2*4 is consistent with the hypothesis that amino-acid substitutions at the most evolutionarily conserved (EC) sites are likely to be detrimental to function. However, the lack of an extended correlation between evolutionary conservation and enzyme function in this SULT data set is a departure from the observations of Leabman et al. 23 with regard to membrane transporters, and emphasizes that different protein families may be subject to different selection pressures.
The reduction of enzyme activity as a result of substitution at the highly conserved residue 73 in SULT1C2*4 occurs without a corresponding reduction in enzyme protein. In that respect, it is an exception to the general rule for these SULT variants. As shown in Figure 3 , the major mechanism by which common, naturally occurring polymorphisms reduced enzyme activity in the SULTs -at least in a transient expression system -was by reducing steady-state levels of SULT proteins. This observation reinforces the conclusions of previous mechanistic studies of how polymorphisms in Phase II drug metabolizing enzymes affect enzyme activity. [37] [38] [39] Functional genomic studies performed with recombinant protein revealed that seven of 17 variants had enzyme activity decreases of greater than 50%. Our analysis suggested that predictions based on individual amino-acid substitutions had limited value in predicting the functional consequences of the variant allozymes we studied. Each of the approaches tested in this study yielded both false positive and false negative predictions.
We also tested the hypothesis that the use of 3-D structural data might yield additional insight into the functional consequences of polymorphic substitutions. Structural modeling of amino-acid substitutions showed that nearly all of the NS SNPs altered residues were located on the surfaces of the proteins and were compatible with WT structure (Figure 4 ). Work on several other pharmacogenetically important enzymes, including thiopurine Nmethyltransferase (TPMT), phenylethanolamine N-methyltransferase and SULT1A3/4, has shown that amino-acid substitutions can result in variant allozymes, which are rapidly degraded through the proteosome. 12, [39] [40] [41] This process can involve several cellular proteins including molecular chaperones. 39 Furthermore, variant allozymes can form aggresomes in the cell as demonstrated by TPMT*3A. 42 Aggresomes are complexes of misfolded proteins as well as chaperones, microtubular proteins and histone deacetylase 6. It may be that many amino-acid substitutions alter interactions within the cellular environment, and it is these complex interactions that are responsible for variation in protein level and thus enzyme activity -not alterations in protein structure.
From a practical pharmacogenomics perspective, the most important issue for the SULTs would be the ability to identify low activity alleles that may impair normal drug and hormone metabolism. Allele frequencies for the SULTs do not correlate perfectly with function, but variant alleles with frequencies greater than 5% were uniformly associated with enzyme activities of at least 50% of WT. More importantly, all the allozymes with enzyme activity less than half of the WT allele had allele frequencies of less than 2.5% in our combined sample.
In conclusion, this study has incorporated nucleotide polymorphism, functional genomic data, amino-acid characterizations and structural modeling for an important human gene family as a step toward predictability regarding the function of variant allozymes. The results showed that although there appears to be pressure against amino-acid substitutions in the SULT family, no single predictive method -including crystal structure modeling -is able to accurately and reliably predict the functional consequences of amino-acid substitutions as measured in these genotypeto-phenotype studies of recombinant proteins. Additional understanding will be required to develop better predictors of ways in which variation at the nucleotide level translates into variation in function for the SULT gene family. Further work will also be needed to understand how accurately the individual differences in gene structure and function measured here can predict drug responses in the context of the complex biological processes that exist in individual patients.
Materials and methods

DNA samples
DNA samples were obtained from the Coriell Cell Repository (Camden, NJ, USA). Specifically, 59 samples each from two Human Variation Panels, HD100CAU and HD100AA, were used. Resequencing data for individual Coriell samples are available through the PharmGKB web site (see below). All subjects had provided written informed consent for the use of their DNA for research purposes, and the present studies were reviewed and approved by the Mayo Clinic Institutional Review Board.
SULT gene resequencing
The PCR was used to amplify each of the SULT genes. The amplifications included all exons and splice junctions as well as portions of introns and flanking regions. Amplicons were sequenced using dye primer sequencing chemistry. All polymorphisms observed in only a single DNA sample were verified by re-amplification and sequencing to rule out the presence of PCR-induced artifacts. WT alleles were designated as the allele common in the AA population at that location.
Resequencing data reported in this paper have been deposited in the PharmGKB database (www.PharmGKB.org) with the following accession IDs: SULT1A1 -PA343, 
SULT1A1 functional genomics
Expression constructs for three variant SULT1A1 allozymes (Arg213His, Met223Val and Phe247Leu) were used to transfect COS-1 cells that had been co-transfected with a b-galactosidase construct (Promega, Madison, WI, USA). COS-1 cell lysate from these transfections were used to assay levels of enzyme activity using 4 mM 4-nitrophenol as the substrate and immunoreactive protein as described previously. 9 Data analysis Because SULT1A3 and SULT1A4 are 99.99% identical in sequence, 8 both copies were amplified and sequenced simultaneously, so we were unable to assign the SNPs in these two genes to a specific locus. Therefore, polymorphism data from these two genes were removed from statistical analysis.
NS and S sites were calculated based on the number of fourfold, twofold and nondegenerate sites described by Hartl and Clark. 43 Nucleotide diversity (p), the neutral parameter (y) -corrected for length sequenced -and Tajima's D were calculated as described by Tajima 30 for each gene and gene region. All p and y values are expressed as parameter estimates Â 10 À4 /bp 7s.e.
Amino-acid characterization SULT sequence alignments were created using the AliBee tool from the GeneBee website (www.genebee.msu.su/ genebee.html). A list of reference sequences used for the analysis is presented in Table 6 . These alignments were used to classify amino-acid residues as EC or EU. EC residues were designated as locations that were identical in the subfamily alignment for all species. The multiple sequence alignments were also used to query the SIFT database (http:// blocks.fhcrc.org/sift/SIFT.html). 33 SIFT scores, Grantham numbers and BLOSUM62 values were calculated for each SULT NS SNP identified during gene resequencing. 31, 32 Crystal structure analysis The web-based program, PolyPhen (http://www.bork.emblheidelberg.de/PolyPhen/), was used to predict the possible consequences of amino-acid substitutions on protein structure and function based on queries of the PDB. 44 Additional crystal structure modeling of the local chemical and steric environment of each NS SNP was performed using the interactive crystallographic graphics software program 'O'. 45 The modeling was performed by computational mutagenesis using the appropriate WT SULT crystal structure deposited in the PDB as a scaffold, substitution of the side chain to correspond to the NS SNP, and analysis of the chemical and steric compatibility of the local structural environment with the new side chain.
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